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Hydrophilic nanoparticles stabilising mesophase curvature at low concentration but disrupting mesophase order at higher concentrations † Charlotte M. Beddoes, ab Johanna Berge, a Julia E. Bartenstein, a Kathrin Lange,
Introduction
Understanding the structure of lipid mesophases is important to their applications in biosensing, 1,2 gene therapy, [3] [4] [5] protein crystallisation, [6] [7] [8] and drug delivery. 9 The mesophase structure can be tailored by the lipid molecular architecture (as characterised by their packing parameter) and by controlling intermolecular forces mediated via the hydrophilic headgroup and the hydrophobic tail. Changes in the external environment (e.g. temperature, pressure, pH, water content, and additives) can also affect mesophase stability and induce mesophase transitions. [10] [11] [12] [13] [14] Depending on their architecture and solution conditions, lipids can self-assemble into a range of different mesophases.
The lamellar phase (L), consisting of domains of bilayer stacks, experiences the lowest degree of curvature (Fig. 1a) , which can be further sub-divided ( Fig. 1b) : such as the alpha phase (L a ), also known as the fluid phase with splayed flexible tails; the ripple phase (P b ) with an undulated surface; and the crystalline phase (L c ) with compact and rigid hydrocarbon tails. Lipids can form both positive and negative curvature structures. The inverse mesophase structures with a negative curvature are typically denoted with a subscript ''II'', and these include e.g. the inverted hexagonal phase (H II ), with tubular lipid aggregates packed into a hexagonal lattice. Other phases include the bicontinuous cubic phase with triply periodic minimal surfaces enclosing two interconnected water channels, and the fluid isotropic phase with no long range order. A homogenised mesophase sample (such as the ones we have studied here) typically consists of randomly oriented domains packed with a particular mesophase (Fig. 1c) . The size of the domains (characterised by the coherence length) and the d-spacing fluctuations can both contribute to the broadening of the intensity peaks at different diffraction orders obtained in scattering experiments; [15] [16] [17] the larger the domain size and the smaller the d-spacing fluctuations, the smaller the full width at half maximum (FWHM) of the peaks, thus the bigger the coherence length, and the more highly ordered the mesophase sample is. 18 Another factor is the thermal fluctuations in the bilayers, which can have a damping effect on the intensity of the higher order reflections. Knowledge of mesophase transitions is essential to tailoring desired mesoscopic structures for applications, such as lightactivated release mechanism for drug delivery, 19 catalysis, 20, 21 photovoltaics, 22 and nanowire production, 23 as well as being important on a fundamental level to understanding the energetic process of lipid molecular deformations. This process is also relevant to membrane fusion and cellular entrance by nanoparticles (NPs). 24 To form different mesophase structures, lipids must facilitate molecular deformations by tilting, stretching or bending, to accommodate different mesoscopic curvatures which deviate from the energetically optimal lipid configurations. 25 In addition, the unfavourable exposure of the hydrophobic tails to water typically occurs during the phase transition. This amounts to an energetic barrier for the phase transition, 26, 27 which can be overcome by exerting stress to the lipids imparted by various stimuli such as hydration/dehydration, temperature, pressure, or an external mechanical force (e.g. shear). 10, 13, 28 Of particular interest to this work, mesophase transitions may also be induced by the presence of certain additives (such as NPs) with curvatures that mismatch the spontaneous curvature of the lipid monolayers, or with a surface chemistry that would preferentially interact with the lipid head or tail. In the case of 5 nm hydrophobic silver NPs, when exposed to a lamellar structure made of the double-chained surfactant dioctyl sulfosuccinate sodium (AOT), the NPs could penetrate and reside in the hydrophobic region. The silver NPs encouraged curvature by assisting the formation of stalk structures between the two separating bilayers. 29 In a number of simulation studies, the fluid model biomembrane was found to wrap around NPs of size smaller than 10 nm including dendrimers, 30 charged NPs 31 and thiolcoated gold NPs. 32 Other computer simulation studies have concluded that NP-lipid bilayer interactions are affected by the NP physical properties such as the size, 33,34 geometry, 35, 36 surface charge density, 32,37 hydrophobicity, 38, 39 and surface ligand distribution. [40] [41] [42] For more information on nanoparticle adsorption on membranes, we refer the reader to the review by Saric et al.
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In previous studies, mesophase transitions have been commonly induced by varying temperature or hydration levels, and characterised by scattering methods, 44 nuclear magnetic resonance, 23 differential scanning calorimetry 45 and polarised light microscopy. 46 Mesophase transitions may also be induced by varying the pressure applied on the hydrated lipid system, as implemented in high pressure small angle X-ray scattering (HP-SAXS) measurements. 13, [47] [48] [49] [50] [51] The covalent structure of biological materials such as lipids, proteins and polysaccharides are not perturbed by pressures below 20 kbar; instead, the pressure affects the configuration of these molecules. 48 Increasing the pressure leads to a decrease in the lipid tail volume that lipids pervade, shifting the curvature to more positive values, reducing the magnitude of the curvature of inverse mesophase structures while increasing the curvature of mesophases with initially a zero or positive curvature.
There are a number of advantages of using pressure to induce phase transitions. Pressure can propagate through a sample volume rapidly, greatly reducing the required equilibrium time, hence enabling time limited experiments. Large pressure-jumps are also possible, allowing for detailed kinetic studies on mesophase transitions. In addition, pressure change has smaller effects on the solvent properties compared to thermal stimuli. HP-SAXS has been used to study mesophase transitions and their kinetics on a range of pure phospholipid systems, including dipalmitoylphosphatidylcholine (DPPC), dieurucoylphosphocholine (DEPC), and dioleoylphosphocholine (DOPC), and mixed systems; egg-phosphatidylethanolamine (egg-PE), dipalmitoylphosphatidylcholine (DMPC)-distearoylphosphocholine (DSPC), DMPC-myristic acid dihexanoylphosphocholine (DHPC)-DMPC, DMPC-gramicidin D and palmitoyloleoylphosphatidylcholine (POPC)-sphingomyelin (SM)-cholesterol bilayers. 49, 50, 52, 53 Using HP-SAXS, Bulpett et al. 51 with six different mesophases identified at hydration levels o60 wt% and temperatures up to 120 1C. 10 Further MO mesophases can also form in the presence of additives. For instance, the lamellar sponge phase (L 3 ) has been reported with the addition of 1,4-butanediol. 28 Such a rich mesophase behaviour makes MO systems well suited for mesophase transition studies. 52, 54, 55 In the reported p-T diagram for MO in excess water, the inverse cubic double diamond phase (Q DD II ) persisted over a large temperature and pressure range, with the H II only observed at the high temperature and low pressure region and the L c further at lower temperatures and higher pressures. 48, 56 Monoelaidin (ME), a monoglyceride with a similar structure to MO but a saturated bond in the trans-rather than cis-position, expresses an even more diverse phase behaviour in the p-T diagram, with the additional inverse cubic primitive (Q P II ) and L a phases observed. 56 In an In the current work, we have studied the effect of NPs on the MO mesophase behaviour using the HP-SAXS technique. Spherical hydrophilic silica NPs of 10 nm in diameter were added to MO hydrated to 18 wt% at NP-lipid number ratio (n) of 1 Â 10 À6 , The mesophase behaviour was investigated at a pressure range of 1-2700 bar and a temperature range of 20-60 1C. We have observed that the mesophase transition temperature (T) and pressure (p) were affected by the NP addition and the extent of this effect also depended on the NP concentration. We have also attempted to examine the NP distribution in the mesophases using contrast matched small angle neutron scattering (SANS) and scanning electron microscopy (SEM).
Materials and methods

Sample preparation
1-(cis-9-Octadecenoyl)-rac-glycerol (1-monoolein (MO), 499% purity) was purchased from Nu-Chek, US, and stored at À30 1C.
Before use the MO was freeze dried (SciQuip alpha 1-2 LDplus) and then its purity was checked by electrospray ionisation mass spectrometry (ESI-MS). The NPs in the form of bare hydrophilic silica nanopowder (499.8%, 10.6 AE 3.6 nm, PlasmaChem, Germany) were characterised by transmission electron microscopy (TEM). Once suspended in ethanol by sonication, the NPs were added to the MO at NP-lipid volume ratios (f) of 8. , which could be related to the n as:
With the use of MO molecular weight (M w = 356.54 g mol . After adding the NPs in ethanol to the dried MO, the sample containing NP-lipid-ethanol was shaken in a Stuart SI505 shaker at 40 1C for a minimum of 3 h until thoroughly mixed, and ethanol was then removed by evaporation in a vacuum oven (Heraeus vacutherm VT6025) until a constant weight was reached. The dried sample with the designated MO-NPs composition was then immediately hydrated to 18 wt% by adding appropriate amounts of water (Milli-Q; resistivity 18.2 MO cm and total organic content (ToC) o3-4 ppb) for the HP-SAXS measurements. For the SANS measurements, H 2 O : D 2 O (Sigma-Aldrich) was added at an 89 : 11 volume ratio to 30 wt% to contrast match the scattering by MO and the solvent. The sample vial was then sealed and centrifuged until all the materials were collected at the bottom of the vial before being shaken at 40 1C at 750 rpm overnight. The sample was centrifuged again for 10-20 s before being freeze thawed for 54 cycles to assist mixing. After every 10 cycles the sample was centrifuged again for B10-20 s. The sample obtained was then stored at À30 1C before scattering measurements were carried out within 2 and 1 2 weeks.
SAXS measurements
SAXS was performed at I22 beamline at the Diamond Light Source synchrotron (Oxfordshire, UK) using a high-pressure cell, designed by Brooks et al. 58 X-ray energy was set to 18 keV (wavelength l = 0.689 Å) at a camera length of 3 m giving a scattering vector (q) range of 0.015-0.66 Å À1 using a Pilatus P3-2M detector (Dectris, Baden-Daetwill, Switzerland), calibrated with silver behenate and glassy carbon. Here, q = 4p sin(2y/2)/l, with 2y being the scattering angle. Within the pressure cell, polycarbonate KI-Beam capillary tubes were used as the sample holder (Enki Microtubes, Italy). The capillary tube was prepared by coating one end with Araldite s instant clear epoxy resin and cured at 40 1C for 30 min. The sample was loaded and compressed with the supplied cap to remove air bubbles and sealed with the epoxy resin. The resin was cured under the same conditions as above, then the sample was frozen to remove possible mesophase hysteresis. Samples were inserted into the pressure cell and cycled between 1 and 2700 bar, holding for 30 s each time before a pressure change and this was repeated six times to check for any possible leakage in the capillary and also to ensure homogeneity within the sample. Samples were measured at 20, 40, 50 and 60 1C between 1-2700 bar at 300 bar steps, allowing an equilibrium time of 2 min per pressure step and 20 min per temperature step. At the end of the experiment samples were returned back to ambient pressure and temperature and scanned again to ensure that no sample damage or composition change had occurred during the measurements. The collected scattering intensity was normalised by the incident beam intensity and radially integrated to obtain 1D scans using DAWN 1.1 beta 59 (a data analysis package developed at Diamond) and analysed with Igor pro 6.2 and YAX 2.0. 60 The peak positions from the 1D scans can be used to identify the mesophase, as shown in Fig. S1 in the ESI. † The FWHM of the peaks was calculated by first subtracting either a linear or cubic background around the peak and then fitting with a Gaussian function.
SANS measurements
SANS was performed at the Sans2d diffractometer at the ISIS neutron facility (Rutherford Appleton Laboratory, UK) using a water tight sample cell with its design based on the sample cells available on the D22 beamline at the ILL facility (Grenoble). Possible residual shear effect during sample loading was removed by heating the sample to 60 1C then freezing at À16 1C. As a control, the p-T phase diagram was determined for MO hydrated at 18 wt% (Fig. 2) . At ambient pressure, Q G II , L a and L c , as well as two mixed phases were observed. With increasing pressure the Q G II phase was structurally unfavourable due to the drive towards zero interfacial curvature (as described above). The phase transition to a flat L a phase is accompanied by a significant reduction in the lattice parameter from 101-105 Å to 40-43 Å (Fig. S3 in ESI †) . Our observation is consistent with those previously reported in other mesophase systems. 13, 47, 54, 62 In the p-T diagram a region co-existence between L a and L c was observed at the low temperature range; when the pressure was increased, L a stability decreased and only L c remained at the high pressure low temperature region of the p-T phase diagram. (Fig. 3) . The error in the d-spacing is estimated to be s d = 0.02 Å (ESI, † 4). The L c and L a phases can be distinguished by the pressure dependence of their d-spacing. Whilst the L a d-spacing increased mildly with the pressure due to enhanced tail ordering resulting in lateral compression of the bilayer, the hydrophobic tails in the L a phase were already highly ordered, and thus the d-spacing remained largely constant with the pressure increase. Fig. 3 also shows that the L c d-spacing slightly decreased as p increased, and this could be attributed to the increased pressure providing a more uniform compression of the lipids in the bilayer that is already highly ordered, resulting in the observed slight bilayer thinning.
p-T diagrams in the presence of NPs
The p-T diagrams in Fig. 4 show the MO mesophase behaviour with the addition of 10 nm silica NPs, where an NP concentration (i.e. NP/lipid number ratio (n)) dependence was observed. We note that the hydrophilic surface of the silica NPs would complete with the MO head groups for the limited amount of water molecules. This would result in a dehydrating effect, and this effect could be considered as shifting the phase boundaries in the phase diagrams to the left. In fact, one could consider the NP/MO/water system a ternary mixture. However, the effect of NPs is more complex and cannot be accounted for by considering them as a molecular additive. Their surface chemistry, aggregation structure, distribution of the aggregates, as well as their shape, will all contribute the mesophase behaviour of the NP/MO/water mixture.
At n = 1 Â 10 À6 (Fig. 4a) , the Q G II structure was more prominent compared to the pure MO system in Fig. 2 , with an enlarged however, the L D phase did not have the same short range order, evident by the absence of higher order Bragg peaks at high q in SAXS 1D scan Fig. 5b) . If a transition to a different mesophase, other than an alternative lamellar phase, had occurred, then a jump in the d-spacing value (similar to that shown in Fig. 3) would have been expected. However, this was not observed during the L D -L a transition, and instead the d-spacing followed a steady increase, suggesting that the bilayer structure was retained. The 1D scattering curve of the L D phase showed a single sharp peak (Fig. 5b) , distinguishing it from that for L c , which possessed multiple peaks with evenly spaced q values. This scattering pattern has been previously observed and attributed to the L phase. 63, 64 These considerations taken together, the L D phase is likely to be a bilayer structure with a higher degree of disorder compared to the L a phase.
At n = 1 Â 10 À4 and 1 Â 10 À5 the FI phase formed, which was not observed in the NP free p-T diagram. According to the MO phase diagram produced by Qiu and Caffrey with MO hydrated at 18 wt%, the FI phase was not expected until 90-95 1C. 10 Thus, our observation indicates that, due to the presence of silica NPs, the FI phase had formed at a temperature 30-35 1C lower than expected. In contrast, at n = 1 Â 10
À6
, the FI and L D phases were not observed, and instead the Q G II phase was formed, which appeared at a lower temperature and was retained at higher pressures when compared to the NP free p-T diagram.
The differences in the p-T diagrams in the absence (Fig. 2 ) and presence (Fig. 4) of NPs reflect the effects of NP-membrane interactions. An important question to address is the distribution At lower n, the NPs stabilised the Q G II phase so that its phase region persisted to higher pressures and lower temperatures. However, at higher NP n, the Q G II phase was suppressed and the lamellar phases were retained until the fluid isotropic (FI) phase formed. and location of the NPs in the mesophases. To this end, contrast matched SANS experiments were performed (Fig. 6) . The idea is that the scattering would be predominantly due to the NPs, from which one could deduce the size and shape of the NPs by fitting the SANS curve in the low q range; whereas MO would be made ''invisible'' to neutrons by matching its scattering length density with that of the H 2 O/D 2 O mixture (i.e. instead of using pure H 2 O for preparing the MO mesophase as in the HP-SAXS experiment) by tuning the H 2 O/D 2 O mixing ratio. Fig. 6 shows the SANS curves of the contrast matched MO mesophase samples at 30 wt% composition at 15 1C, at n of 1 Â 10 À4 , 1 Â 10 À5 and 1 Â 10 À6 . Fig. S4 (ESI †) presents the scans of each concentration at all temperatures measured, which are all very similar in their scattering patterns. In all scans a small peak is observed between 0.1-0.2 Å À1 (as indicated by a downward arrow in Fig. 6 ), which concurs with the first Bragg peak observed in the HP-SAXS (cf. Fig. 5b ). This small amount of scattering was due to the imperfect contrast matching ratio between MO and the D 2 O and H 2 O mixture. However, this would not mask the details at the lower q. When compared to the modelled SANS curve for NPs 10.6 AE 3.6 nm (Fig. 6 inset), the absence of the Guinier regime at low q indicates that the NPs did not exist as individually dispersed particles, and must have formed aggregates (possibly including some water and MO molecules). The absence of the Guinier region plateau at low q (which is evident in the model SANS curve in the Fig. 6 inset) suggests that the aggregate size had exceeded the upper limit of the particle size (B126 nm, corresponding to the minimum q, q min = 0.005 Å À1 ). The initial decay in SANS intensity at low q varies with the NP concentration, suggesting different NP arrangements in the samples with different NP concentrations. However, the contrast matched SANS curves did not change with temperature ( Fig. S4 in ESI †) , even at temperatures where a mesophase transition was expected, as shown in the HP-SAXS p-T phase diagrams in Fig. 2 and 4 . The fact that the d-spacing of the mesophases was not affected by the NPs also suggests that the NPs were not intercalated within the mesophase structure. Rather, clustered around the periphery of the mesophase domains. SEM was used to further elucidate the distribution of the NPs in the sample. For this, the lipid and water molecules of a sample containing 10 nm NPs at n = 1 Â 10 À4 were burnt off by heating at a rate of 10 1C min À1 from RT to 600 1C, and then the sample was held isothermally for 1 h before cooling. The obtained SEM images revealed that the residual structure of the silica NPs was a highly porous network (Fig. S5 in ESI †). Previous dissipative particle dynamics simulation studies have shown that NPs could reside at a lipid bilayer interface as either aggregated clusters, a chain of pearls or as non-aggregated individual particles depending on the NP size. 34, 65 Surface charge distribution has also been reported to affect the aggregated structure including dense ordered crystal-like aggregates, dendritic structures, clusters and linear chain of pearls. 41, 42 The properties of the bilayer are also known to affect the NP aggregation. Šarić and Cacciuto reported that spherical NPs aggregated together either as hexagonal arrays or a linear chain of pearls depending on the bilayers bending rigidity. 66 For bilayers with bending rigidity values comparable to that of a biological membrane (10-100k B T), the NPs formed a chain of pearls structure, while when the bilayer bending rigidity exceeded outside of this range, the hexagonal aggregated structure was preferred. Whilst the contrast matched SANS and SEM results could not ascertain the exact distribution of the NPs, the results suggest the NPs formed clusters. We suggest that, at higher NP concentrations, the NPs could aggregate into a chain of pearls structure (Fig. 7) as Šarić and Cacciuto suggested, 66 which was sintered together to form the porous structure revealed by the SEM image (Fig. S5 , ESI †). It is conceivable that the corrugated NP chains of pearls have a large hydrophilic surface area. The affinity, and thus preferred contact, between the NP clusters and the hydrated lipid domain boundaries would stabilise the lamellar structure, as a phase transition to Q G II would involve detaching the lamellar phase domain from the NP clusters or deforming the conformation of the chains of pearls, both energetically costly. As such, the NP clusters at high NP concentrations would suppress the increase in curvature from the L a to the Q G II phase. However, we would like to emphasize caution in drawing this conclusion, and such a hypothesis on the structure of the nanoparticle aggregates is , and that for the silica sphere was 3.475 Â 10 À6 Å
À2
. The vertical scale of the curves has been displaced for clarity.
at this stage a speculation. It remains challenging to ascertain the structure and location of the nanoparticles and their aggregates in the mesophase, which will be the focus of our continuing experimental effort. The lamellar domain size can be estimated from an analysis using the Scherrer equation and using the FWHM of the first Bragg peak. 16, 67, 68 At 40 1C, the L D and L a domain sizes were similar (124.3 AE 61.9 and 140.8 AE 15 nm respectively, for n = 1 Â 10 À5 ), which suggests that the number of bilayers stacked to form the domains did not change significantly. As the pressure is increased, the suppression of the transition to the Q G II phase means that alternative pathways must be adopted to reduce the volume pervaded by the lipids, leading to the more densely packed L c phase, whilst the NPs remained in their chain of pearls structure at the domain boundaries (Fig. 7) .
As discussed above, NPs have been shown to affect the structure of lipid packing in mesophases. For instance, Wang et al. 69 found that, upon exposure of DLPC, DOPC and DPPC unilamellar vesicles to 20 nm polystyrene NPs modified with carboxyl and amidine surface groups, the NPs reconstructed the vesicle surface locally. The cationic amidine NPs increased the order of the lipid packing, which transformed to a more gellike phase, within a fluid bilayer; whereas the anionic carboxyl NPs increased the fluidity in the bilayer. The NP size has also been observed to be sensitive to the membrane stiffness, with smaller polystyrene NPs (r200 nm) concentrated at stiffer, ordered phases of a mixed DOPC/DPPC/Cholesterol bilayer, while larger NPs preferred the more disordered bilayer regions. 70 In a dissipative particle dynamics simulation, uncharged NPs were observed to alter the morphology of the H 1 T 3 modelled lipid vesicles via membrane-curvature-mediated NP clustering at the interior and exterior of the vesicle, enhancing bending rigidity and enabling the observed morphology alterations. 65 Another molecular dynamics study showed that 2-5 nm cadmium selenide quantum dots increased the fluidly of the bilayer of mixed DOPC/DMPC/DSPC vesicles. 71 However, a clear explanation as to why the NPs aggregate into a range of structures remained elusive. A possible explanation for the absence of the Q G II phase at NP n = 1 Â 10 À4 and 1 Â 10 À5 at elevated temperatures may lie in the consideration of the stress that the NP aggregates could impose on the bilayer. As the temperature increases, the lipid bilayer becomes more fluid, and thus more susceptible to curvature. This would continue with increasing temperature until the Q G II phase forms. However, the interactions between the bilayers and the NP clusters in the configuration of the linear chain of pearls would physically constrain the lipids, preventing curvature formation. As the temperature continues to rise, the lipid bilayer would become increasingly fluid until forming the more disordered L D . Further temperature increase would see the bilayer structure unable to relieve the increasing stress within the structure, resulting in the formation of the disordered fluid isotropic phase at a lower temperature than expected in the absence of NPs.
In contrast, at the lower n of 1 Â 10
À6
, the stability of the Q G II phase was enhanced (Fig. 4) . We speculate that this could be explained by the formation of a different NP aggregate structure. Due to the scarcity of the NPs, rather than the chain of pearls structure, the NPs could form isolated clusters, i.e. without the extended chain structure. These discrete clusters would accumulate at the water-Q G II mesophase interface. The corrugated surfaces of the aggregate clusters would be better accommodated by the curved Q G II surface, probably due to the optimal contact area with the lipid surface. This in effect would hinder the transition to the L phase as the pressure is increased, leading to a higher Q 
Conclusions
The p-T diagrams for monoolein (MO) mesophases at 18 wt% hydration have been obtained, in the presence of 10 nm silica nanoparticles (NPs) at lipid-NP number ratios (n) of 1 Â 10 À6 , 1 Â 10 À5 and 1 Â 10 À4 over the pressure range 1-2700 bar and temperature range 20-60 1C, using high pressure small angle X-ray scattering (HP-SAXS). The presence of the NPs significantly altered the p-T phase diagram, changing the pressure (p) and the temperature (T) at which the transitions between different mesophases occurred. In particular, a strong and nonlinear NP concentration effect on the mesophase behaviour was observed. At high concentrations, NPs suppressed the Q G II phase; instead, the lamellar phases were retained, bypassing the curved Q G II phase and transforming into the fluid isotropic phase at 60 1C at low pressure. This transition temperature was lower by 30-35 1C as compared to that in the control sample (without NPs). We attribute this to NPs forming aggregates with a chain of pearls structure at the mesophase domain boundaries, hindering transitions to the mesophases with higher curvatures. These observations were supported by small angle neutron scattering (SANS) and scanning electron microscope (SEM) imaging.
In contrast, the NPs at the lowest n studied (1 Â 10
À6
) encouraged curvature and the formation of the Q G II phase. We suggest that this could be attributed to a different structure that NPs formed at the mesophase domain boundaries. Instead of the continuous chains of pearls, insufficient numbers of NPs would form isolated smaller clusters, which could be accommodated at the Q G II domain surface. In addition, the absence of the continuous chain-like clusters as in the case of high NP concentrations would mean that the L-Q G II transition would not require disruption of these structures, which is energetically costly. As such, the NPs would in effect act as a curvature catalyst, promoting the Q G II phase, leading to the enlarged the Q G II phase region in the p-T phase diagram (Fig. 4a) . Our results show the complex effects of the nanoparticle concentration on their interactions with model membrane systems. Previously, we have observed that hydrophobic nanoparticles promoted inverted hexagonal phases, as compared to the hydrophilic counterparts, 51 pointing to the importance of the NP surface chemistry. Our results here show that the NP concentration also plays an important role, and the effects may be interpreted in terms of the NP aggregation, the structure of the aggregates, and the effect of these structures have on the mesophase transitions. The molecular deformations the lipids undergo during mesophase transitions are analogous to those experienced by the lipids during endocytosis in the cell membrane, 24, 72 a process that can be induced and exploited by NPs for cellular entry. As such, we have suggested that studying the effects of NPs on lipid mesophase transitions using physicochemical methods, in this case HP-SAXS, could contribute to understanding, on a fundamental level, NP induced membrane fusion, relevant to the topical nanotoxicity field, where gaining cellular entry is one of the important mechanisms for NPs to impart toxicity.
